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Abstract
We study flavor violation in the quark sector in a purely 4D, two-site effective field theory description of
the Standard Model and just their first Kaluza-Klein excitations from a warped extra dimension. The warped
5D framework can provide solutions to both the Planck-weak and flavor hierarchies of the SM. It is also
related (via the AdS/CFT correspondence) to partial compositeness of the SM. We focus on the dominant
contributions in the two-site model to two observables which we argue provide the strongest constraints from
flavor violation, namely, ǫK and BR (b→ sγ), where contributions in the two-site model occur at tree and
loop-level, respectively. In particular, we demonstrate that a “tension” exists between these two observables
in the sense that they have opposite dependence on composite site Yukawa couplings, making it difficult to
decouple flavor-violating effects using this parameter. We choose the size of the composite site QCD coupling
based on the relation of the two-site model to the 5D model (addressing the Planck-weak hierarchy), where
we match the 5D QCD coupling to the 4D coupling at the loop-level and assuming negligible tree-level
brane-localized kinetic terms. We estimate that a larger size of the 5D gauge coupling is constrained by the
requirement of 5D perturbativity. We find that ∼ O(5) TeV mass scale for the new particles in the two-site
model can then be consistent with both observables. We also compare our analysis of ǫK in the two-site
model to that in 5D models, including both the cases of a brane-localized and bulk Higgs.
1 Introduction
The framework of a warped extra dimension with Standard Model (SM) fields propagating in
the bulk [1, 2, 3] is a very attractive extension of the SM since it can provide solutions to both
the Planck-weak [4] and flavor hierarchy problems of the SM [2, 3]. Moreover, the versions of
this framework with a grand unified gauge symmetry in the bulk can naturally lead to precision
unification of the three SM gauge couplings [5] and a candidate for the dark matter of the universe
(the latter from requiring longevity of the proton) [6]. The new particles in this framework are the
Kaluza-Klein (KK) excitations of the SM fields with mass at the ∼ TeV scale. Such a framework can
thus give significant contributions to various precision tests of the SM. The electroweak precision
tests (EWPT) can be satisfied for KK mass scale of a few TeV [7, 8, 9] using suitable custodial
symmetries [7, 10].
In this paper, we focus on the solution to the flavor hierarchy of the SM in the framework of
warped extra dimension and the resulting flavor-violation. The idea is that the effective 4D Yukawa
couplings of the SM fermions are given by a product of the fundamental 5D Yukawa couplings and
the overlap of the profiles (of the SM fermions and the Higgs) in the extra dimension. Moreover,
vastly different profiles in the extra dimension for the SM fermions (which are the zero-modes of
5D fermions), and hence their hierarchical overlaps with Higgs, can be easily obtained by small
variations in the 5D fermion mass parameters. Thus, hierarchies in the 4D Yukawa couplings
can be generated without any (large) hierarchies in the fundamental 5D parameters (5D Yukawa
couplings and 5D mass parameters for fermions). As a corollary, the couplings of SM fermions
(with different profiles) to KK modes (again following from the relevant overlaps of profiles) are
non-universal, resulting in flavor violation from exchange of these KK modes [11]. However, there is
a built-in analog of GIM mechanism of the SM in this framework [3, 12, 13] which suppresses flavor
changing neutral currents (FCNC’s). Namely, the non-universalities in couplings of SM fermions
to KK modes are of the size of 4D Yukawa couplings since KK modes have a similar profile to the
SM Higgs.
In spite of this analog of the GIM mechanism, it was shown recently [14, 15] (see also [16, 17])
that the constraint on KK mass scale from contributions of KK gluon to ǫK is quite stringent. In
particular, for the model with the SM Higgs (strictly) localized on the TeV brane in a 5D slice of
anti-de Sitter space (AdS), the limit on the KK mass scale from ǫK is ∼ 10 TeV for the smallest
allowed 5D QCD coupling obtained by loop-level matching to the 4D coupling with negligible tree-
level brane kinetic terms (in the framework which addresses the Planck-weak hierarchy). On the
other hand, for larger brane kinetic terms such that the 5D QCD coupling (in units of the AdS
curvature scale) is ∼ 4π, the lower limit on KK mass scale increases to ∼ 40 TeV. In addition,
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the constraint on the KK mass scale is weakened as the size of the 5D Yukawa (in units of the
AdS curvature scale) is increased. However, this direction reduces the regime of validity of the 5D
effective field theory (EFT): the above limits on KK mass scale are for the size of 5D Yukawa such
that about two KK modes are allowed in the 5D EFT.
In the light of these constraints, instead of an “anarchic” approach to flavor in 5D, i.e., no
hierarchies or relations in the various 5D flavor parameters, references [16, 18, 19] have proposed
imposing 5D flavor symmetries in order to relate these parameters and hence to suppress flavor
violation. Lower KK mass scales are thereby allowed, improving the fine-tuning in electroweak
symmetry breaking (EWSB) and the discovery potential at the Large Hadron Collider (LHC). For
other flavor studies in this framework, see references [20, 21, 22, 23, 24].
However, the phenomenology of the TeV-scale KK modes and the SM Higgs is quite sensitive
to the structure near the TeV brane (where these particles are localized). For example, the SM
Higgs can be the lightest mode of a 5D scalar (instead of being a strictly TeV brane-localized field),
but with a profile which is still peaked near the TeV brane (such that the Planck-weak hierarchy
is still addressed) – we will denote this scenario by “bulk Higgs” [25, 26].1 Moreover, the warped
geometry might deviate from pure AdS near the TeV brane which in fact could be replaced with a
“soft wall” [28]. Similarly, in general, there are non-zero TeV brane-localized kinetic terms for the
bulk fields [29]. Such variations of the minimal models are not likely to modify the couplings and
spectrum of the KK modes/Higgs significantly – for example, the constraint on KK mass scale from
various precision tests will not be modified by much more than O(1) factors. However, even such
modest changes can dramatically impact the LHC signals, especially the production cross-sections
for the KK modes.
Instead of focusing on a specific limit of the full 5D model, such considerations then strongly
motivate analyzing the phenomenology of this framework using a more economical description (for
example, using fewer parameters than the 5D models) which can capture its robust aspects. Such an
approach is provided by the “two site model” [30] which is a purely 4D effective field theory obtained
by truncating the 5D AdS model to the SM particles and their first KK excitations, roughly achieved
by “deconstruction/discretization” [31] of the warped extra dimension. Equivalently, based on the
AdS/CFT correspondence [32] as applied to a slice of AdS [33], the two-site model also describes
two sectors: composites of purely 4D strong dynamics and elementary fields (which are not part
of the strong dynamics). These two sectors mix, with the resulting mass eigenstates being the SM
particles and their heavier partners, which correspond to the zero and KK modes of the 5D model.
With this motivation in mind, an analysis of EWPT in two-site model was performed in [30].
In this paper, we study flavor-violation in the quark sector in this two-site model, in the in-
1Note that the models where Higgs is the 5th component of a 5D gauge field [27, 8] do not belong to this class.
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carnation corresponding to flavor anarchy in the 5D AdS theory. We focus on effects of tree-level
heavy gluon exchange in ǫK and Higgs-heavy fermion loops in BR (b→ sγ)2. We will show that a
combination of these processes provide the strongest constraints on the two-site model (and hence
probably on the general framework of warped extra dimension). We leave a more complete study
of flavor violation in the two-site model, including other contributions to these observables and a
global analysis (i.e., including other observables), for future work.
A central observation of our analysis is that
• a “tension” exists between the two observables ǫK and BR (b→ sγ) in the sense that they
have opposite dependence on the composite site Yukawa coupling so that it is not possible to
simultaneously suppress both these flavor violating effects using this parameter3.
However, ǫK can be suppressed by choosing small composite site QCD coupling. We find that
• ∼ O(5) TeV mass scale for the heavy states is allowed simultaneously by ǫK and BR (b→ sγ)
for a size of the composite site QCD gauge coupling corresponding to loop-level matching of
the 5D QCD coupling (with no tree-level brane kinetic terms) to the 4D coupling in the 5D
model which addresses the Planck-weak hierarchy.
In fact, we argue that,
• once we include color factors in the estimate of the loop expansion parameter, a 5D QCD
coupling larger than the above value might lead to the 5D theory no longer being perturbative.
Note that, even with the above smallest value of the 5D QCD coupling, the lower limit on
mass scale of new particles is different for the two-site model (∼ O(5) TeV) as compared to the 5D
model with brane-localized Higgs (∼ 10 TeV). This is partly due to the fact that, in spite of the
two-site model being a deconstruction of the 5D model, the detailed features of the two models are
different. Secondly, the above bound for the two-site model is from a combination of ǫK and BR
(b→ sγ), whereas that for the brane-localized Higgs model is from ǫK only.
In fact, we compare in detail our results for the two-site model to those in 5D AdS models. In
particular, we find that
• the relations between the couplings of various particles (at least the ones relevant to ǫK) in
the two-site model “mimic” those between the corresponding couplings in models with bulk
Higgs, instead of the case of brane-localized Higgs which has been analyzed in the literature
thus far.
2Estimates for b→ sγ in the 5D AdS model were performed in references [13, 22].
3A similar effect was found earlier with regard to the 5D Yukawa coupling during an analysis of lepton flavor
violation in the 5D AdS model [23]
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So, our bounds from ǫK for the two-site model apply directly to the 5D AdS models with bulk
Higgs (of a specific profile) for the choice of composite gauge and Yukawa site couplings being same
as the corresponding purely KK couplings in the 5D model. And, we expect a tension between ǫK
and b → sγ in the 5D AdS model (similar to that in the two-site model). Thus our analysis for
the two-site model suggests that a KK scale as low as ∼ O(5) TeV might also be allowed in the 5D
AdS models with bulk Higgs by the combined constraints from ǫK and BR (b→ sγ). On the other
hand, we show that
• if, instead of using b → sγ to place an upper bound on the 5D Yukawa, we restrict it only
by the requirement that two KK modes in the 5D EFT are allowed, then a KK mass scale as
low as ∼ O(3) TeV might be consistent with the constraints from ǫK (only) in the 5D model
with bulk Higgs.
The outline of the rest of our paper is as follows. We begin with a review of the relevant features
of two-site model, especially the couplings which will be used in our analysis of flavor constraints on
this model. Assuming anarchic composite site Yukawa couplings, one typically finds multiple terms
(of similar size) in the flavor-violating amplitudes, with O(1) free parameters in the mixing angles
and phases so that we need to scan over these parameters. It is then useful to present analytical
formulae for one such generic contribution (with mixing angles set to their “natural” size) in ǫK
and b → sγ. This exercise is presented in sections 3 and 4, providing an estimate of the bounds.
In section 5, we briefly discuss the bound from Zbb¯, which (although not flavor-violating) turns
out to be relevant for the analysis of flavor violation. The results of the numerical analysis which
includes the full amplitudes (summing up all terms) for ǫK and b → sγ (and Zbb¯) are presented
in section 6. The allowed value of ∼ O(5) TeV for mass scale of heavy particles in the two-site
model mentioned above is based on a combination of the numerical analysis and the analytical
estimates. We conclude in section 7. Several appendices deal with further aspects of our analysis.
In particular, here we briefly discuss other contributions to ǫK and other B-physics observables
which provide weaker constraints on the two-site model. We present details of the loop calculation
for b → sγ and the exact (numerical) scanning procedure that we used. In a final appendix, we
contrast our results for the two-site model with those for the 5D AdS model. This comparison is
summarized in Table 1.
2 Review of Two-Site Model
2.1 Elementary and Composite Sectors
In this section, we review the basic features of the two-site model (for more details see [30]). The
particle content is divided into two sectors: composite and elementary. The elementary sector
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of the model is equal exactly to that of SM except for the Higgs field. The SM gauge fields
(SU(3) ⊗ SU(2)L ⊗ U(1)Y ) will be denoted in the following way,
Aµ ≡ {Gµ,Wµ, Bµ} (1)
and fermion SU(2)L doublets by,
ψL ≡ {qLi = (uLi, dLi), lLi = (νLi, eLi)} (2)
and finally SU(2)L singlets as,
ψ˜R ≡ {uRi, dRi, νRi, eRi}. (3)
The only renormalizable interactions are the gauge interactions.
Lelementary = −1
4
F 2µν + ψ¯Li6DψL + ¯˜ψRi6Dψ˜R. (4)
The composite boson sector (containing the SM Higgs and massive spin 1 particles) has SU(3)⊗
SU(2)L ⊗ SU(2)R ⊗ U(1)X global symmetries, where we need the additional custodial SU(2)R to
suppress new physics contribution to the T parameter [7]. There are fifteen heavy vector mesons
(ρµ) that belong to adjoint representation of the SU(3)⊗SU(2)L⊗SU(2)R⊗U(1)X , and they can
be decomposed into two sets: ρ∗, which are in the adjoint representation of the SM gauge group
and their orthogonal combinations ρ˜
ρ∗µ = {G∗µ,W ∗µ ,B∗µ} , ρ˜µ =
{
W˜±µ ≡
W˜1 ∓ i W˜2√
2
, B˜µ
}
. (5)
We associate B∗, B˜ with the generators TB∗ = Yhypercharge = T
3R+
√
2/3TX√
5/3
and TB˜ =
T 3R−
√
2/3TX√
5/3
,
where TB∗ is hypercharge generator in the SO(10) normalization. Higgs field belongs to the com-
posite sector and is a real bidoublet under SU(2)L ⊗ SU(2)R: (H, H˜).
Every SM fermion representation will be accompanied by a heavy composite Dirac fermion, so
the composite sector will consist of SU(2)L doublets :
χ ≡ (Qi = {Ui,Di}, Li = {Ni, Ei}) (6)
and SU(2)L singlets:
χ˜ =
(
U˜i, D˜i, E˜i, N˜i
)
(7)
They are all singlets under SU(2)R. The Dirac masses of the composite sector doublets and
singlets are m∗, m˜∗, respectively, which we assume to be the same (and generation-independent)
for simplicity. U(1)X charges for fermions are chosen to reproduce the usual SM hypercharges.
6
The Lagrangian of the composite sector is
Lcomposite = −1
4
ρ2µν +
M2∗
2
ρ2µ + |DµH|2 − V (H) +
+χ¯(i6D −m∗)χ+ ¯˜χ(i6D − m˜∗)χ˜− χ¯(Y u∗ H˜χ˜u + Y d∗ Hχ˜d) + h.c. (8)
where M∗ is the mass of the composite sector vector boson (again, assumed to be the same for
all gauge bosons for simplicity). One can see that Yukawa couplings explicitly break SU(2)R in
composite sector (see Eq. (8)). But this breaking gives a small contribution to the T parameter
and is thus technically natural as mentioned in [30].4
2.2 Mixing and Diagonalization
The two sectors (composite and elementary) are connected to each other by the mixing terms
Lmixing = −M2∗
gel
g∗
Aµρ
∗
µ +
M2∗
2
(
gel
g∗
Aµ
)2
+ (ψ¯L∆χR +
¯˜
ψR∆˜χ˜L + h.c.). (9)
Due to the presence of the gauge boson mixing terms the following combination of the vector bosons
will remain massless
g∗√
g2el + g
2∗
Aµ +
gel√
g2el + g
2∗
ρ∗µ. (10)
The original elementary and composite states will be re-written using the mass eigenstates as follows(
Aµ
ρ∗µ
)
→
(
cos θ − sin θ
sin θ cos θ
)(
Aµ
ρ∗µ
)
, tan θ =
gel
g∗
, (11)
(
ψL
χL
)
→
(
cosϕψL − sinϕψL
sinϕψL cosϕψL
)(
ψL
χL
)
, tanϕψL =
∆
m∗
, (12)
(
ψ˜R
χ˜R
)
→
(
cosϕψ˜R − sinϕψ˜R
sinϕψ˜R cosϕψ˜R
)(
ψ˜R
χ˜R
)
, tanϕψ˜R =
∆˜
m˜∗
. (13)
In the new, i.e., mass eigenstate basis, (Aµ, ψL, ψ˜R) are the SM fields, which are massless before
EWSB, and (ρµ∗ , χL, χ˜R) are the heavy mass eigenstates (i.e. the heavy partners of SM), again
prior to EWSB. To shorten our notations we will denote
θ ≡ θ1, θ2, θ3, ϕψL ≡ ϕqLi , ϕlLi , ϕψ˜R ≡ ϕuRi , ϕdRi , ϕνRi , ϕeRi
sinϕui
R
≡ su, sinϕdi
R
≡ sd, sinϕqLi ≡ sq. (14)
4Alternatively, we can add extra composite site fermions so that Yukawa interactions respect SU(2)R. This
corresponds to choosing 5D fermions in complete multiplets of SU(2)R in the 5D AdS models [7]. We will not pursue
this option here.
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2.3 Couplings in mass eigenstates before EWSB
Substituting Eq. (11) (12) (13) in Eq. (8), we get the Lagrangian for the Yukawa interaction
between quarks and Higgs field in mass eigenstates before EWSB (the same expression will be true
for leptons too, one just has to substitute L,E,N ⇐⇒ Q,D,U)
LY = LSM-SMY + LSM-HeavyY + LHeavy-HeavyY
= −Y∗uH˜sqsuq¯LuR − Y∗dHsqsdq¯LdR
−Y∗uH˜
[
cqsuQ¯LuR + sqcuq¯LU˜R
]
− Y∗dH
[
cqsdQ¯LdR + sqcdq¯LD˜R
]
−Y∗uH˜
[
cqcuQ¯LU˜R + Q¯RU˜L
]
− Y∗dH
[
cqcdQ¯LD˜R + Q¯RD˜L
]
+ h.c. (15)
where cq,u,d stands for cos(ϕq,u,d). We have split the Yukawa interactions into three parts, (SM-
SM): interaction between two SM fermions, (SM-Heavy): interaction between SM fermion and
heavy fermions, and (Heavy-Heavy): interaction between two heavy fermions.
Similarly interactions between fermions (including SM and heavy) and heavy partners of SM
gauge bosons are
L = LSM-SM + LSM-Heavy + LHeavy-Heavy
= ρ∗µg
[
q¯LγµqL(−c2qt+ s2q
1
t
)
]
+ρ∗µg
[
(q¯LγµQL + Q¯LγµqL)(sqcq(1 +
1
t
))
]
+ρ∗µg
[
Q¯LγµQL(c
2
q
1
t
− s2qt)
]
+{L↔ R}, (16)
where t ≡ tan θ, and g is usual SM gauge coupling constant, and it is equal to g = gelcosθ = g∗sinθ.
In the same way as we have done for the Yukawa interactions we split total Lagrangian into three
parts ((SM-SM), (SM-Heavy), (Heavy-Heavy)) . In the limit when all the SM fermions are made
up of mostly elementary sector particles, i.e. sq ≪ 1, then the flavor non-universal interaction
between SM quarks and heavy gauge bosons will be
gs2q
tanθ = g∗s
2
qcosθ ≈ g∗s2q, and similarly for the
right handed quarks.
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The interactions between Higgs field, massless vector bosons and their heavy partners are
L = LSM-SM + LSM-Heavy + LHeavy-Heavy = |DµH|2
+
[
H†ig cot θρ∗µDµH − i
g1
2 sin θ1
(
1√
2
H˜†W˜−µ DµH +
1√
2
H†W˜+µ DµH˜ −
√
3
5
H†B˜DµH
)]
+
[
−g1g cot θ
2 sin θ1
(
1√
2
H˜†W˜−µ ρ
∗
µH +
1√
2
H†W˜+µ ρ
∗
µH˜ −
√
3
5
H†B˜ρ∗µH
)
+ H†
(
(g cot θρ∗µ)
2 +
g21
sin2 θ1
(
1
2
W˜+µ W˜
−
µ +
3
20
B2µ)
)
H
]
(17)
2.4 Flavor Anarchy
We make the assumption that composite site Yukawa couplings are “anarchical”, i.e., there is no
large hierarchy between elements within each matrix Y∗u,d. However, we need hierarchies in the
elementary/composite mixing angles (sq,u,d) to reproduce the hierarchical quark masses and CKM
mixing angles. Such a choice appears arbitrary from the point of view of the two-site model, i.e.,
why some couplings are hierarchical and others are not, but this choice will be justified by the
correspondence with the 5D model (see Appendix E).
2.5 Including EWSB
Plugging in the Higgs vev in Eq. (15)(17) will lead to new mixings between SM massless fields and
their heavy partners which can be classified in the same way as was done in Eq. (15),(16),(17): (SM-
SM)- mixing between different generations of the SM massless fermions and the mixing between
(W 3, B) SM gauge fields ; (SM-Heavy)- mixing between SM massless fermions and heavy fermions
and the mixing between (B,W 3) SM gauge bosons and (W 3∗ ,B∗, B˜∗,W∗) heavy vector bosons;
(Heavy-Heavy)- mixing between the heavy fermions corresponding to the different generations of
SM and the mixing between (W 3∗ ,B∗, B˜∗,W∗) heavy vector bosons. These mixings lead to many
new contributions to flavor violating processes, which we will study in detail in later sections.
3 ∆F = 2 processes: ǫK
3.1 Formulae for Two-Site Model
We want to find the bound on composite sector scale from CP violation in the ∆S = 2 process,
i.e., ǫK . The most general effective Hamiltonian for ∆S = 2 processes can be parameterized in the
following way [34]
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H∆S=2 = C1O1 + C2O2 + C3O3 +C4O4 + C5O5 with
O1 = d¯αLγµsαLd¯βLγµsβL, O2 = d¯αRsαLd¯βRsβL
O3 = d¯αRsβLd¯βRsαL, O4 = d¯αRsαLd¯βLsβR, O5 = d¯αRsβLd¯βLsαR, (18)
where α, β are color indices. There are also O′∞, ∈ operators with L replaced by R. The dominant
contributions to these Wilson coefficients in the two-site model come from tree-level exchange of
heavy gauge bosons – for example gluon (see Fig. 1) – with flavor violating couplings. These flavor
violating couplings arise mainly from the mixings between SM fermions induced after EWSB (see
section 2.5) which we now focus on – the other two types of mixings (SM-Heavy, Heavy-Heavy)
have sub-leading effects for ǫK and so will be neglected for the analysis in this section.
The point is that the couplings between heavy gluon and SM quarks are diagonal but non-
universal in the gauge eigenstate basis for quarks, i.e., before EWSB, in LSM-SM term of Eq. (16).
After EWSB, one has to use unitary transformations: (DL, DR) and (UL, UR) to go to mass
eigenstate basis for down and up-type quarks respectively (just like in the SM). These rotations
thus lead to off-diagonal couplings between SM quarks (in mass eigenstate basis) and heavy gluon.
From the analysis of the 5D models [16, 17, 14, 15], it is well-known that the dominant contribution
comes from the heavy/KK gluon exchange between left-handed and right-handed down-type quark
currents, i.e., (V −A)× (V +A)-type operators. Therefore, we focus here on heavy gluon exchange
of the above type. It is straightforward to show that such exchange gives (upon Fierzing)
C4 (M∗) = −3C5 (M∗)
=
(gs∗)2
M2∗
[
(sq2)
2 (DL)12 + (sq3)
2 (DL)13 (DL)23
]
×[
(sd2)
2 (DR)12 + (sd3)
2 (DR)13 (DR)23
]∗
(19)
where gs∗ is composite QCD coupling. Each
[
...
]
in this formula includes two terms, i.e., one from
the “direct” 1−2 mixing (present even with two generations) and another from the (1−3)× (2−3)
mixing (i.e., via 3rd generation) for the left and right-handed flavor-violating couplings.
Assumption of anarchic Yukawa couplings Y∗ in the original Lagrangian of Eq. (15) implies that
mixing angles in SM Yukawa couplings are given by ratios of elementary-composite mixings[13], for
example,
(DL,R)ij ∼
(sq,d)i
(sq,d)j
for i < j (20)
So, the two terms (inside each of the brackets
[
...
]
) in Eq. (19) (for each of left and right-handed
sectors) are of same size, but uncorrelated.
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On the other hand from the LSM-SMY term of Eq. (15) we have
md ∼ Y d∗ sq1sd1v/
√
2 (21)
ms ∼ Y d∗ sq2sd2v/
√
2,
so we can estimate the size of the mixing angles sqi, sdi.
Now we can estimate new physics contribution to C4, 5 using the following assumptions: (i)
considering one term in each of the brackets
[
...
]
of Eq. (19) at a time, (ii) mixing angles set to
“natural” size (i.e., with “=” in Eq.(20) above), and (iii) quark masses given by natural size of the
parameters (i.e., with “=” in Eq.(21) above). Plugging Eq. (20) and (21) into Eq. (19) leads to
the estimate, up to an O(1) complex factor:
C2−site
4 estimate =
g2s∗
(Y d∗ )2
2msmd
v2
1
M2∗
(22)
with v = 246 GeV, where subscript “estimate” stands for the above three assumptions. To repeat,
the assumption of anarchy tells us that the four terms in Eq. (19) are of the same size as Eq. (22)
and have uncorrelated phases. Therefore, our estimate using one term gives us the correct result
up to O(1) factor.
3.2 Experimental limit
The model independent bound from ǫK is strongest on the Wilson coefficient C4 due to (i) enhance-
ment (as compared to for the other Wilson coefficients) from RG scaling from the new physics scale
to the hadronic scale and (ii) from chiral enhancement of matrix element (see reference [35]).5 This
bound on C4 is :
ImC4
<∼ 1
(ΛF )
2 , ΛF = 1.6× 105 TeV. (23)
where the coefficient is renormalized at the ∼ 3 TeV scale [14]. Note that the bound on Im C4 is
only mildly (logarithmically) sensitive to the renormalization scale and hence it remains almost the
same as the above number (which is again for a scale of ∼ 3 TeV) for heavy mass scales of up to
∼ 10 TeV that we will consider in this paper. Using Eqs. (22) and (23), and assuming order one
phase, we get
M∗
>∼ 11gs∗
Y d∗
TeV (24)
We can see the bound on the composite mass scale decreases as Y d∗ increases.
5The effect of C5 (M∗) in the two-site model is sub-leading because firstly the model-independent bound is weaker
relative to C4 (see reference [35]) and secondly in this model C5 (M∗) is suppressed by a color factor relative to C4
(see Eq. 19).
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4 Radiative processes: b→ sγ
The rare decay B → Xsγ gives very powerful constraints on new physics. We follow the standard
notation and define the effective Hamiltonian for b→ sγ [34]:
Heff (b→ sγ) = −GF√
2
V ∗tsVtb[C7(µb)Q7 + C
′
7(µb)Q
′
7 + . . .] (25)
where Q7 = e mb/
(
8π2
)
b¯σµνFµν(1 − γ5)s and Q′7 = mb e
(
8π2
)
b¯σµνFµν(1 + γ5)s. Here we have
neglected other operators that only enter through renormalization of C7 and C
′
7. In SM, the Wilson
coefficient C7(µw) evaluated at weak scale is[34]
CSM7 (µw) = −
1
2
[
−(8x
3
t + 5x
2
t − 7xt)
12(1− xt)3 +
x2t (2− 3xt)
2(1− xt)4 ln(xt)
]
; C ′ SM7 (µw) =
ms
mb
CSM7 (µw) (26)
with xt = m
2
t/M
2
w. The Wilson coefficient C
′
7(µw) can be neglected in SM due to a suppression by
ms/mb. The leading order QCD correction gives us [34]
C7(µb) = 0.695C7(µw) + 0.085C8(µw)− 0.158C2(µw) (27)
= 0.695(−0.193) + 0.085(−0.096) − 0.158 = −0.300
where C2 and C8 are Wilson coefficients for operators Q2 ≡ (c¯b)V−A(s¯c)V−A and Q8G ≡
mb g/
(
8π2
)
b¯ασ
µν(1 − γ5)T aαβsβGaµν . The latest higher order calculations for BR(b −→ sγ) are
given in [36] but the above order results suffice for our purposes.
4.1 Estimate in two-site model
In two-site model, the largest new physics contribution to Γ(b → sγ) comes from diagrams with
heavy states in the loop because of their larger coupling constants. First, we consider diagrams with
heavy gluons and fermions (see Fig. 2). We can get an idea of the flavor structure of this diagram by
treating the EWSB-induced fermion mass terms of Eq. (15) as being small compared to the masses
of the heavy partners of SM fermions (henceforth called by the mass insertion approximation). From
LSM-Heavy term of Eq. (16), we see that mass insertion approximation gives us a new contribution
to Wilson coefficients of operators d¯jσ
µνFµν(1− γ5)di (with quarks in gauge basis before EWSB)
CG7 ij ∝ sqig2s∗Y d∗ijsdj (28)
Notice that CG7 ij has the same flavor structure as quark mass matrix md ij ≈ Y d∗ ijsqisdj . Therefore,
after unitary rotation into the mass eigenstates after EWSB, CG7 ij will be approximately diagonal
in flavor space, and contribution from heavy gluon and heavy fermion exchange to Γ(b → sγ) is
suppressed. (see reference [13] for a similar discussion in warped extra dimension, where KK gluons
and KK fermions correspond to heavy gluons and fermions here.)
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Next, we consider diagrams with heavy fermions and Higgs in the loop (including physical Higgs
and longitudinal W/Z bosons). Similar to the previous analysis, we can get the flavor structure of
these diagrams from mass insertion approximation. For the purpose of estimating flavor structure,
we consider only neutral Higgs diagram (see Fig. 4). From the Yukawa couplings between SM
fermion, heavy fermion and Higgs (LSM-Heavy term of Eq. 15), we find that
CH7 ij ∝ sqiY d∗ikY d∗klY d∗ljsdj (29)
It is obvious that CH7 ij is not aligned with md ij , assuming no particular structure in the Y∗ (i.e.,
anarchy). Thus these diagrams will give the leading new contribution to C7 and C
′
7, and we will
focus on these diagrams (see reference [13] for a similar discussion in warped extra dimension).
Because of the near degeneracy of heavy fermion masses, we cannot use mass insertion approx-
imation to calculate the loop diagrams. Instead, we need to diagonalize the 9 × 9 mass matrix
(once we include EWSB-induced mass terms, i.e., coming from Yukawa couplings in Eq. (15)) for
all down type quarks in order to determine the mass eigenstates and their couplings. Since it is
difficult to obtain an exact analytical formulae for this effect, the analysis is performed numerically
in Section 6. However, it is insightful to obtain an approximate analytical formulae for b → sγ
as follows. First, we calculate the dipole operator for the case of one generation quark together
with its heavy partners (say, as in the calculation of (g − 2)µ)) without using the mass insertion
approximation and then we simply multiply it by factors from generational mixing effects in order
to obtain the amplitude for b→ sγ.
In more detail, we diagonalize the 3×3 mass matrix (including the EWSB-induced mass terms)
for one generation quarks analytically to first order in x ≡ Y u,d∗ v/
(
m∗
√
2
)
in Appendix B: the
results for dipole moment operator of one generation with charged and neutral Higgs in the loop
are shown in Eqs. (67) and (71). In order to estimate the effect of mixing between different
generations, we again use mass insertion approximation (see Fig. 4). For example, the operator
b¯Lσ
µνFµνsR can be generated via the mass insertions/Yukawa couplings (as in Eq. 29, but dropping
the flavor indices on Yd∗ for simplicity)
Yd∗sq3Yd∗vYd∗sd2 (30)
Based on our assumption of anarchy and the formulae for Yukawa couplings and mixing angles (Eq.
(15) (20)), we know that
Yd∗vsq3sd2 = Yd∗vsq3sd3
sd2
sd3
∼ mb(DR)23 (31)
and
ms
mb
∼ (DL)23 (DR)23 (32)
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In addition, since left-handed down and up-type quarks have the same elementary-composite mix-
ing, we get (again assuming anarchy of Yd∗)
(DL)23 ∼ (UL)23
∼ Vts or Vcb (33)
where in the second line we have used that VCKM = U
†
LDL. Combining Eq (30) through (33), we
can find that generational mixing gives a factor ∼ msmbVts . Similarly, for the operator b¯RσµνFµνsL
we have (as in Eq. 29)
Yd∗sd3Yd∗vYd∗sq2 ∼ (Yd∗)2mb(DL)23 ∼ (Yd∗)2mbVts (34)
i.e., generational mixing gives a factor ∼ Vts. Note that for neutral Higgs diagram the amplitude
is proportional to Y 3d∗. The flavor structure for charged Higgs (would-be Goldstone) diagram is
similar, expect that there are two types of contributions (schematically ∝ Y 3d∗ and Y 2u∗Yd∗). For
simplicity, we set Yu∗ = Yd∗ ≡ Y∗ in our estimation.
Then, multiplying the one generation results for dipole operator in Eqs. (67) and (71) by the
above generational mixing factors, we get the following effective Hamiltonians:
Heffcharged Higgs ≈
5
12
(Y∗)2mb
ie
16π2
(2ǫ · p)
(m∗)2
[Vtsb¯(1− γ5)s+ ms
mbVts
b¯(1 + γ5)s] (35)
Heffneutral Higgs ≈ −
1
4
(Y∗)2mb
ie
16π2
(2ǫ · p)
(m∗)2
[Vtsb¯(1− γ5)s+ ms
mbVts
b¯(1 + γ5)s] (36)
We present the results for both charged Higgs and neutral Higgs contribution since they generally
have different phase and cannot be simply added together. Since their sizes are of the same order,
we will focus just on charged Higgs contribution in the analytical estimates. Then, the new physics
contribution to the Wilson coefficients are6
C2−site
7 estimate(m∗) = −
5
48
(Y∗)2
(m∗)2
√
2
GF
; C ′ 2−site
7 estimate(m∗) = −
5
48
(Y∗)2
(m∗)2
√
2
GF
ms
mbλ4
(37)
where we used Vts ∼ λ2 (λ ≈ 0.22). As explained earlier, (based on assumption of anarchy) in the
exact result for b→ sγ there will be several terms of the above order but with uncorrelated phases.
Thus Eq. (37) is only an estimate for b → sγ, i.e., the natural size of one term that contribute
to the new physics effective Hamiltonian. We expect the final result of the coherent sum of such
terms to be of the same order as this one-term estimates. From these estimates we can conclude
6Note that such a size for these Wilson coefficients can be estimated, i.e., derived up to O(1) factors, using purely
mass insertion approximation. As explained above, here instead we have calculated the O(1) factor from loop diagram
(without using mass insertion approximation), although we still used mass insertion approximation to estimate the
generational mixing factors.
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that C ′2−site7 (m∗) is bigger than C
2−site
7 (m∗) by a factor of ms/
(
mbV
2
ts
) ∼ 8, which is different than
the case in SM (where C ′7 ≈ C7 ms/mb).
As mentioned earlier, in Section 6, we will apply the exact diagonalization of the 9 × 9 mass
matrix for three generations to the results from general loop calculation of b→ sγ in Appendix A
to obtain C2−site7 and C
′2−site
7 numerically.
4.2 Experimental limit
The leading order QCD corrections will suppress the new physics contribution to the Wilson coef-
ficients
C2−site7 (µw) =
[
αs(m∗)
αs(mt)
]16/21 [αs(mt)
αs(µw)
]16/23
C2−site7 (m∗) ≈ 0.73 C2−site7 (m∗) (38)
We add it to CSM7 (µw) in Eq. (26) and then use this sum, i.e., C
total
7 (µw) = C
SM
7 (µw)+C
2−site
7 (µw)
in Eq. (27) to obtain C7(µb). Whereas, the SM contribution to C
′
7 is negligible compared to that
in the two-site model so that we have
C ′total7 (µb) ≈ C ′2−site7 (µb)
=
[
αs(m∗)
αs(mt)
]16/21 [αs(mt)
αs(µb)
]16/23
C ′2−site7 (m∗)
≈ 0.48 C ′2−site7 (m∗) (39)
The contributions from C7(µb) and C
′
7(µb) sum incoherently (without interference) in the total
(i.e., SM and new physics) decay width Γtotal(b→ sγ):
Γtotal(b→ sγ) ∝ |C7(µb)|2 + |C ′7(µb)|2 (40)
For convenience, we define δ7 ≡ C2−site7 (m∗)/CSM7 (µw) and δ′7 ≡ C ′ 2−site7 (m∗)/CSM7 (µw). Adding
these new contributions, we have
Γtotal(b→ sγ)
ΓSM(b→ sγ) ≈ 1 + 0.68Re(δ7) + 0.11|δ
′
7|2 (41)
The experimental average value for the branching ratio is BR(b→ sγ) = (352± 23± 9)× 10−6[37].
The theoretical calculation gives BR(b→ sγ) = (315±23)×10−6[38]. Adding the 2σ uncertainties
by quadrature we find that a 20% deviation from SM prediction is allowed. If we consider the two
contributions separately, we will get the bound |δ′7| . 1.4 and Re(δ7) . 0.3. Using Eqs. (37) and
(26), the first condition gives
m∗ & (0.63)Y∗ TeV (42)
and the second condition gives us a weaker bound. From this rough estimate, we can see the bound
on composite mass scale increases with composite Yukawa coupling.
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4.3 Tension and lowest heavy SM partner mass scale scenario
We see that the bounds on M∗ and m∗ from ǫK and BR(b→ sγ) have opposite dependence on Y∗.
Thus we cannot use this parameter to decouple flavor-violation. For simplicity, we set M∗ = m∗
henceforth. Then the lowest allowed value for M∗ that satisfies both bounds Eqs.(24) and (42) is
M∗ & 2.6
√
gs∗ TeV for Y∗ ∼ 4.2√gs∗
∼ 4.5 TeV for gs∗ ∼ 3
∼ 6.4 TeV for gs∗ ∼ 6 (43)
where in last two lines, we have set gs∗ ∼ 3, 6 which is motivated by the 5D AdS model, although
the latter value might not be allowed by 5D perturbativity (see Appendix E.1.1). We can check
that with the values of Y∗ in Eq. (43), the loop expansion parameter Y 2∗ /
(
16π2
)
is less than one,
and the two-site model is thus perturbative (but barely so in the case of Y∗ ∼ 10 for gs∗ ∼ 6): see
Appendix E.4 about perturbativity bound on KK Yukawa couplings in the 5D AdS model.
We reiterate that the bounds in Eq. (43) are only estimates in the sense that they are based
on one among multiple, uncorrelated terms in the amplitudes for both ǫK and b→ sγ. Also, note
that the contributions to b → sγ in the two-site model, being at the loop-level (as opposed to the
tree-level contributions to ǫK), can be quite sensitive to the composite sector content – for example,
as mentioned in section 2.1, we could add SU(2)R partners for the composite site uR and dR (as
in 5D models) which can easily modify the new physics amplitude for b → sγ by ∼ O(1) factors
due to their appearance in the loops. In this sense, the constraints from b→ sγ presented for this
model should especially be considered as a ballpark guide to the viable parameter space of this
framework: the main motivation for using b→ sγ in our analysis is to put an upper bound on the
composite site Yukawa coupling.
As discussed in references [13, 22] for the 5D model, the Higgs-heavy fermion loop contributions
to electric dipole moments (EDMs) of SM fermions also increase with the size of the composite
Yukawa coupling (just like b → sγ). Thus, EDMs can also be used to put an upper bound on
the size of this coupling (for a given heavy mass scale). However, EDMs depend on a different
(flavor-preserving) combination of phases than the flavor-violating observables ǫK and b→ sγ and
so we will leave a study of these constraints for the future. Note that 5D flavor symmetries can
suppress EDM’s as well as the flavor violating effects.
5 Correction to Zbb¯ coupling
There is another important constraint coming from non-universal correction to ZbLb¯L coupling
which arises from mixing between SM and heavy states after EWSB (see [30])
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δgZb¯b
gZb¯b
≈
3∑
i=1
(
Y∗di3
Y∗u33
)2( mt
M∗su3
)2
+
1
2
(
mt
M∗su3
)2( g∗2
Y∗U33
)2
(44)
Experimentally, it is measured to have less than 0.25% deviation from its SM value. If we assume
that all composite Yukawa couplings are of the same order, then we can get a bound on M∗ from
the first term alone:
M∗ & 4.7 TeV (45)
This bound is similar to what we found from ǫK and b→ sγ. However, if we allow a little hierarchy
between the Yukawa couplings, e.g., Y∗d > Y∗u, then the bound on M∗ will be enhanced. We
mention that Zb¯LbL coupling can be protected by another custodial symmetry[10]. But we will not
use this idea here.
6 Numerical Analysis
In previous sections we presented semi-analytical estimates for the new physics contributions to
the ǫK and b → sγ processes, but to get the precise values one has to perform a numerical scan
over the parameter space. The scan procedure is discussed in detail in Appendix C. Here we
summarize some important features and results of our scan. We require that our composite Yukawa
coupling matrices are anarchical, i.e. all entries of the same order, with the results presented
here corresponding to the variation of the Yukawa couplings by a factor of three, and we varied
the elementary/composite mixings also by a factor of three. First, we generate the points in
parameter space with Yu∗, Yd∗, sQ, su, sd such that the SM quark masses and CKM mixing angles
are reproduced. Then we calculated |Γtotal(b→sγ)
ΓSM(b→sγ) − 1|/(20%), |δgZb¯b/gZb¯b| and ImC4KΛ2F (with
ΛF = 1.6× 105 TeV) for different values of M∗ and Y u,d∗ .
In Fig. 5, we show the plots of |Γtotal(b→sγ)
ΓSM (b→sγ) − 1|/(20%) and ImC4KΛ2F for M∗ = 5 TeV and
different values of Y u,d∗ (defined here as the geometric average value for Y
u,d
∗ij ). We focus on the case
with gs∗ = 3. Points to the left and below the solid lines satisfy both bounds from BR (b→ sγ) and
ǫK . We begin with the cases with no hierarchy between the up and down-type quark composite site
Yukawa coupling, i.e., Y d∗ = Y
u
∗ . In the top left plot, we choose this value to be ∈ (3, 4). We see
that a small fraction of points satisfy the bounds from ǫK and BR (b→ sγ). Next we increase the
common value for Y d∗ and Y u∗ to (6, 7) (top right plot). We expect that the larger Yukawa coupling
will enhance the contribution to Γ(b → sγ) and suppress the contribution to ImC4K , which is
clearly shown in the plots and illustrates the tension discussed in section 4.3. In the end, there are
fewer points satisfying both bounds with these larger Yukawa couplings.
Finally, we consider a mild hierarchy between the Yukawa couplings: Y u∗ ∈ (1, 2) and Y d∗ ∈ (5, 6)
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(bottom plot). We find that more points satisfy both bounds than in the previous two cases.
This is expected since small Y u∗ suppresses one of the contributions to Γ(b → sγ)7 while larger
Y d∗ suppresses contribution to ImC4K . However, the bound from non-universal Zb¯LbL coupling
correction is more constrained in this case due to the ( Y
di3
∗
Y u33
∗
)2 enhancement in δgZb¯LbL (see Eq.
(44)) so that we have to study the consequence of this bound. In Fig. 6, we present the result from
the scan for ImC4K and δgZb¯LbL . We can see that when Y
d∗ = 5 ∼ 6 and Y u∗ = 1 ∼ 2 (right plot)
the δgZb¯LbL bound eliminates a majority of the points. However, for Y
u
∗ = Y
d
∗ ∈ (3, 4) (left plot),
the bound on δgZb¯LbL is easily satisfied, as expected from our analysis in Section 5.
We show the same scatter plots for M∗ = 10TeV (Fig. 7, 8) and M∗ = 3TeV (Fig. 9,
10). As it is clearly shown in the plots, all bounds can be easily satisfied for M∗ = 10TeV,
while almost no point satisfy all bounds for M∗ = 3TeV. Note that, with our choices of Y∗,
higher-order loop diagrams with these couplings will give us corrections to all our observables of
∼ Y 2∗ /
(
16π2
) ∼ O (1/a few)− 1/10, which is the main source of error in our analysis8.
Now we consider the case with a larger composite site gluon coupling, i.e., gs∗ = 6. The
contribution in the two-site model to Γ(b → sγ) is the same as in the case gs∗ = 3 while ImC4K
increases by a factor of 4. Thus, rather than showing separate plots for gs∗ = 6, we can present
the bounds for this case on the same plots as for gs∗ = 3 by just moving the line from the ImC4K
bound downward by factor of 4. So all the points satisfying both constraints for gs∗ = 6 are below
the dashed line and to the left of the solid line in the same plots. As expected, for gs∗ = 6, few (a
sizable fraction of) points satisfy the bounds for M∗ = 5(10) TeV.
Combining the results of the numerical analysis shown in the plots with our earlier estimate
in Eqs. (43) and (45) of ∼ 4.5 TeV as the lowest heavy SM partner mass scale allowed, we then
conclude M∗ as low as ∼ O(5) TeV with g∗ ∼ 3 can satisfy all the constraints we considered.
7 Conclusions
The warped extra dimensional framework with bulk SM is very well-motivated scenario for beyond
the SM since it can address many of the puzzles of nature. The two-site model provides a economical
description of this framework by effectively restricting to the SM fields and their first KK excitations.
In this paper, we studied constraints on this model from flavor violation in the quark sector, in
particular, we showed that ǫK and BR (b→ sγ) provide the strongest constraints. Moreover, these
two observables have opposite dependences on the composite site Yukawa couplings so that this
parameter cannot be used to ameliorate the flavor constraints.
7There is also a contribution ∝ Yd only as discussed in section 4.1.
8Of course, we are also incurring an error of similar size due to neglect of higher KK modes in the two-site approach
for analyzing the 5D model
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Assuming anarchic composite site Yukawa couplings and based on both numerical and analytical
calculations, we showed that ∼ O(5) TeV mass scale for the heavy states can be consistent with
both the observables for a size of composite site QCD coupling which is consistent with the 5D
AdS model solving the Planck-weak hierarchy problem, where the 5D QCD coupling is matched to
the 4D coupling at the loop-level and with negligible brane kinetic terms. We argue that a larger
5D coupling might be constrained by the requirement of 5D perturbativity.
Moreover, we showed that couplings in the the two-site model are similar to those in the 5D
models with bulk Higgs (but still leaning towards the TeV brane) rather than to the brane-localized
Higgs case. Thus our results suggest ∼ O(5) TeV KK mass scale might be consistent with quark
sector flavor violation even for 5D AdS models with bulk Higgs.
With O(5) TeV mass scale, signals at the LHC (including its luminosity upgrade, the SLHC)
from direct production of the heavy states are extremely suppressed, in particular, only the heavy
gluon might be (barely) accessible [39]. However, with very mild tuning (i.e., deviation from anarchy
in the composite site Yukawa couplings), it is clear that ∼ O(3) TeV KK scale might be allowed,
enhancing the direct LHC signals and making even the EW heavy states possibly accessible at the
LHC [40].
Finally, we comment on future signals and constraints from flavor violation. Obviously, the two-
site model with O(5) TeV mass scale for the heavy particles is on the edge of ǫK and BR (b→ sγ)
so that reduction of theoretical errors in these observables will provide even stronger constraints
on this framework. More broadly speaking, given ∼ O(5) TeV scale for the new particles, their
contributions to amplitudes for ∆F = 2 and ∆F = 1 processes are typically at the level of ∼ O(10%)
of the SM. Such a modest size might be relevant for the hints (i.e., 2− 3σ discrepancies in the SM
unitarity triangle fit) of beyond-SM effects in B/K physics which are precisely at this level: see
references [41] for a general analysis and reference [15] for some discussion in the context of warped
extra dimension.
In fact, this size of new amplitudes in the warped framework can still lead to striking deviations
from SM, in spite of the (rough) consistency of the SM predictions with the current flavor data.
For example, CP violation in Bs mixing is expected to be ∼ O(10%) in this scenario, larger than
the SM expectation of a few % (and there might be some hint for such an effect in the data [42]).
This prediction can be thoroughly tested at the LHC-b.
An even more dramatic example is that a slightly larger amplitude in b→ sγ, namely, ∼ O(0.5)
of SM with opposite chirality to that in the SM is still allowed since such a contribution does not
interfere with the SM amplitude in the decay width or BR, giving an effect in BR ∼ O(20%) which is
on the edge of the current constraints. We discussed that in the two-site model, the dominant effect
in b → sγ is precisely of such a size in the opposite-to-SM chirality amplitude. The point is that
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such an effect gives ∼ O(0.5) time-dependent mixing-induced CP asymmetry from the interference
with the SM amplitude, in sharp contrast to the SM prediction of this CP asymmetry: ms/mb ∼
a few % (as already pointed out in [22, 13] for the 5D models). The current 2σ error on this
CP asymmetry is ∼ O(0.5) so that there is no strong constraint at present from this observable.
However, if in the future, this CP asymmetry can be probed at the SM level or even ∼ O(0.1),
then we might obtain a striking signal for this model (or an even stronger constraint than ∼ O(5)
TeV on the mass of new particles). We leave this analysis for a future study.
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A Model Independent Loop Calculation
We work in non-unitary gauge for the electroweak gauge sector of the SM, where we must include
the would-be Goldstone bosons in the loop. The model-independent interaction between a charged
Higgs, SM down-type quarks (d) and an up-type heavy quark (U) can be parametrized as follows:
L ⊃ U¯ [α1i(1 + γ5) + α2i(1− γ5)]di H− + h.c. (46)
where all quarks are in mass eigenstate basis (including effects of EWSB). We focus on the dominant
contributions to the dipole moment operator for b → sγ generated by these interactions – the
relevant diagrams contain the charged Higgs and heavy fermion in the loop with the SM fermions
as external legs (see Fig. 3A and B). We will then apply the results obtained in this section for the
specific case of the two-site model and calculate the effective dipole operator for one generation in
Appendix B and b→ sγ in appendix B.1.
For the first diagram (see Fig. 3A), with photon line attached to the heavy fermion, we get the
effective operator9
Heff1 =
ieQU
8π2
(2ǫ · p)
M2w
{A1s¯(1 + γ5)b+B1s¯(1− γ5)b} (47)
9We used Feynman gauge in this calculation. Since we are considering only the dominant diagrams here, the result
will be different by O(
M2
w
M2
∗
) if we use another non-unitary gauge. Such differences can be neglected for our purpose
here. Of course including the other diagrams (with W/Z) will produce a gauge-invariant result.
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with
A1 = (α2bα
∗
2smb + α1bα
∗
1sms)f1(t) + (α
∗
2sα1b)M∗f2(t) (48)
B1 = (α1bα
∗
1smb + α2bα
∗
2sms)f1(t) + (α
∗
1sα2b)M∗f2(t)
and
f1(t) = − t[t(t− 6) + 3] + 6t ln(t) + 2
12(t − 1)4 ; f2(t) = −
(t− 4)t+ 2 ln(t) + 3
2(t− 1)3 (49)
where M∗ is the mass of the heavy fermion, QU is the charge of the heavy fermion, t = M2∗ /M2w.
This result can also be used for the diagram with neutral Higgs (including physical Higgs and the
neutral would-be-Goldstone boson) in the loop.
The result for the second diagram(See Fig. 3 B), with photon attached to the charged Higgs, is
Heff2 =
−ie
8π2
(2ǫ · p)
M2w
{A2s¯(1 + γ5)b+B2s¯(1 − γ5)b} (50)
with
A2 = (α2bα
∗
2smb + α1bα
∗
1sms)g1(t) + (α1bα
∗
2s)M∗g2(t) (51)
B2 = (α1bα
∗
1smb + α2bα
∗
2sms)g1(t) + (α
∗
1sα2b)M∗g2(t)
and
g1(t) =
2t3 − 6t2 ln(t)− 6t+ 1 + 3t2
12(t − 1)4 ; g2(t) =
t2 − 2t ln(t)− 1
2(t− 1)3 (52)
These results (Eq. 47 and 50) can be applied to calculate Γ(b → sγ) if we find the couplings α1i,
α2i (see Eq. 46).
B Mass matrix diagonalization and dipole moment operator for
one generation
Having performed a calculation of the dipole operator for b → s generated by general couplings
of bottom and strange quarks to Higgs and heavy fermions, we now consider this contribution
specifically in the two-site model. As explained in section 4.1, we have to consider the mixing
between the SM and heavy fermions of all three generations induced after EWSB. Diagonalization
of this mixing will give the couplings to Higgs in mass eigenstate basis for the quarks which we
can then plug into the model-independent results of appendix A in order to calculate b → sγ. In
this section, we will first consider analytically the simpler one generation case, i.e., a calculation
of (g − 2)µ, which will be generalized (numerically) to the case of three generations for calculating
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b → sγ in the next sub-section. This result for the dipole operator for one generation was also
used in section 4.1 to obtain an estimate for b → sγ (after multiplying by an estimate for the
generational mixing factors).
The one generation mass matrix for down type quarks (including effects of EWSB) is (see Eq.
(15))
(b¯L
¯˜BL B¯L)M∗

 xsqsb 0 xsq0 x 1
xsb 1 x



 b˜RBR
B˜R

+ h.c. (53)
where x = vY∗/
(
M∗
√
2
)
, B˜ and B are composite SU(2)L singlet and doublet fermions respectively.
It can be diagonalized by bi-unitary transformation to first order in x.
ODL =

 1 xsq/
√
2 −xsq/
√
2
−xsq 1/
√
2 −1/√2
0 1/
√
2 1/
√
2

 ; ODR =

 1 xsb/
√
2 xsb/
√
2
−xsb 1/
√
2 1/
√
2
0 1/
√
2 −1/√2

 (54)
O†DL

 xsqsb 0 xsq0 x 1
xsb 1 x

ODR = diag( xsqsb , 1 + x , 1− x ) (55)
Similarly we can get the up-type diagonalization matrix (OUL) and (OUR). We define the mass
eigenstates as 
 bSMLB1L
B2L

 = O†DL

 bLB˜L
BL



 bSMRB1R
B2R

 = O†DR

 b˜RBR
B˜R

 , (56)
where bSM is the SM bottom quark with mass vY∗sqsb. B1 is the heavy state with mass (1+ x)M∗
and B2 is the heavy state with mass (1−x)M∗. Similar mass eigenstates can be defined for up-type
quarks (tSM , T1, T2).
The coupling between down type and up type quarks through charged Higgs is
Y∗( ¯bSML B¯1L B¯2L) O
†
DL

 sqst 0 sq0 −1 0
st 0 1

OUR

 tSMRT1R
T2R

H− (57)
We can find the couplings between bSML and heavy up-type quarks
Y∗H−b¯SML
[
(1 + x)√
2
sqT1R +
(x− 1)√
2
sqT2R
]
(58)
Similarly, we have the coupling coming from another chirality
Y∗(b¯SMR B¯1R B¯2R) O
†
DR

 −sqsb 0 −sb0 1 0
−sq 0 −1

OUL

 tSMLT1L
T2L

H− (59)
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which gives us the coupling
Y∗H−b¯SMR
[
−(1 + x)√
2
sbT1L +
(x− 1)√
2
sbT2L
]
(60)
Altogether, we have the charged Higgs coupling between SM bottom quark and heavy up-type
quark
Y∗H−b¯SM
[
(
1 + γ5
2
)(1 + x)
sq√
2
− (1− γ5
2
)(1 + x)
sb√
2
]
T1 + (61)
Y∗H−b¯SM
[
(
1 + γ5
2
)
x− 1√
2
sq + (
1− γ5
2
)
x− 1√
2
sb
]
T2
Based on our parametrization of the couplings (see Eq. 46), we extract (we ignore the subscript
“b” in α1,2 here)
α
(1)
1 = −
(1 + x)sb
2
√
2
Y∗ (62)
α
(2)
1 =
(x− 1)sb
2
√
2
Y∗
α
(1)
2 =
(1 + x)sq
2
√
2
Y∗
α
(2)
2 =
(x− 1)sq
2
√
2
Y∗
The contribution from heavy up-type quark to the dipole moment operator would be (see Eq. 47
and 50)
Hdipolecharged Higgs =
ie
8π2
(2ǫ · p)
M2w
K
[
b¯SM (1− γ5)bSM + b¯SM (1 + γ5)bSM
]
(63)
with
K =
2∑
i=1
(
|α(i)1 |2 + |α(i)2 |2
)
mb
[
2
3
f1(ti)− g1(ti)
]
+
2∑
i=1
(α
(i)∗
1 α
(i)
2 )Mi
[
2
3
f2(ti)− g2(ti)
]
(64)
Substituting Eq. (62) in (64) one can see that the first term is sub-leading due to additional powers
of sb,sq. For the second term we use the approximation
2
3
f2(ti)− g2(ti) ≈ −5
6
M2w
(M∗)2(1± x)2 (65)
It gives us
K ≈ 5x
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sqsb
M2w
(M∗)2
(Y∗)2 (66)
And the final result is
HdipolechargedHiggs =
5
12
(Y∗)2mb
ie
16π2
(2ǫ · p)
(M∗)2
[b¯SM (1− γ5)bSM + b¯SM (1 + γ5)bSM ] (67)
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Note that we have chosen not to combine the two terms in
[
...
]
in the above equation. The reason
is that when we apply the above result to b → sγ, then the two terms with different chirality
structure will be multiplied by different mixing angles and hence it is useful to keep track of the
two terms separately even for the case of one generation.
The contribution from neutral Higgs can be calculated in a similar fashion. The coupling
between down-type quarks and neutral Higgs is
Y∗H0
(
b¯SML B¯1L B¯2L
)
O†DL

 sqsb 0 sq0 1 0
sb 0 1

ODR

 bSMRB1R
B2R

+ h.c. (68)
From this we can find the coupling between SM b quark and heavy down-type fermions:
Y∗H0
{
b¯SML
[
1− x√
2
sqB1R − 1 + x√
2
sqB2R
]
+ b¯SMR
[
1− x√
2
sbB1L +
1 + x√
2
sbB2L
]}
+ h.c. (69)
which gives us (see Eq. 46)
α
(i)
1 = Y∗
sb
2
√
2
(1− x, 1 + x) (70)
α
(i)
2 = Y∗
sq
2
√
2
(1− x, −1− x)
Follow the same procedure as before, including only the first diagram (Fig. 3A). We get
Hdipoleneutral Higgs = −
1
4
(Y∗)2mb
ie
16π2
(2ǫ · p)
(M∗)2
[b¯SM (1− γ5)bSM + b¯SM (1 + γ5)bSM ] (71)
B.1 Three generation calculation
Generalizing to three generations, the mass matrix Eq. (53) becomes 9 × 9. However, since
analytical diagonalization of this 9 × 9 matrix is difficult, we do it numerically and extract the
parameters α1, α2 (see Eq. (46) which parametrize general interaction between fermions and Higgs
field, keeping in mind that α1,2 will now have six components α
(1,2,...6)
1,2 because we have six heavy
mass eigenstates). Then using these α’s in the formulae from the loop calculation in Eqs. (47) and
(50), we will get exact values for the C7 and C
′
7 coefficients in the amplitude for b→ sγ (instead of
the estimates presented in section 4.1). Similarly, applying the above diagonalization to Eq. (16)
allows us to calculate the flavor-violating couplings of heavy gluon to the SM fermions after EWSB
(including effects of SM-heavy fermion mixing) which generate contributions to ǫK . The results of
the numerical scan in section 6 are based on these calculations.
C Details of Scan
All the masses and mixings in the fermion sector (including SM and heavy) can be parametrized
by the composite site Yukawa couplings (Y ∗u,d) and the elementary/composite mixings (sq,d,u). Of
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course, we must choose Y∗ and sq,u,d to give the observed quark masses and CKM angles. We would
like the composite site Yukawa couplings to be “anarchical”, i.e., of the same order, and sq,d,u to
be hierarchical10 in order to explain SM fermion masses and mixing. This anarchy condition and
Eqs. (20) and (21) (with generalization to other quark masses) lead to the following rough size of
the mixing angles
su3 ∼ 1, sd3 ∼ su3mbY
u∗
mtY d∗
, sq3 ∼ mt
√
2
vsu3Y u∗
,
sd2 ∼ mssd3
mbλ2
, su2 ∼ su3mc
λ2mt
, sq2 ∼ λ2sq3,
sd1 ∼ mdsd3
mbλ3
, su1 ∼ musu3
mtλ3
, sq1 ∼ λ3sq3. (72)
We choose to scan over the following independent variables
• Elementary-composite mixing angles sq,u,d
• SM rotation matrices UR, UL,DR (DL is fixed by DL = UL · VCKM)
(This choice is equivalent to treating Y u,d∗ and sq,u,d as the independent variables which are scanned.)
We randomly vary each set of the independent variables around their “natural” size by a factor
of three, where the natural sizes for the sq,u,d are defined to be Eq. (72) and that for UR, UL,DR
in Eq. (20) by replacing “∼” by “=” in both these equations. Then we calculate corresponding
Y∗u,d11
Yu =
√
2
v (UL) ·Mdiagu · (UR)†; Yd =
√
2
v (DL) ·Mdiagd · (DR)†
Y u,d∗ ≈ s−1Q Yu,ds−1u,d (73)
Then we check whether our Y∗u,d are “anarchical”, i.e., whether they satisfy the following condition
Max(|Y∗u|)
3
< G.M.(|Y∗u|) < 3 ∗Min(|Y∗u|)
Max(|Y∗d|)
3
< G.M.(|Y∗d|) < 3 ∗Min(|Y∗d|) (74)
where G.M. stands for the geometrical mean. If these Yukawas satisfy “anarchy” condition, we
proceed to calculate new physics contribution to Γ(b → sγ), ImCK4 (as described in section B.1)
and δgZb¯LbL as in Eq. (44). On the other hand, if these Yukawas do not satisfy the anarchy
condition, then we discard them. We have checked that the couplings (Y∗u,d) generated in this way
are random, i.e., that there is no correlation between different elements of the matrices. The results
of the scan are presented in Fig. 5 to 10.
10As mentioned earlier, these assumptions can be justified by the correspondence with the 5D model to be discussed
later.
11We are ignoring the mixing between the SM and heavy fermions induced by EWSB in the last relation here which
results in an error of Y 2∗ v
2/M2∗ ∼ a few % (for the our choice of parameters) in the determination of Y∗.
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D Sub-leading effects
D.1 ǫK
Similarly to the heavy gluon exchange, heavy EW gauge boson exchange generates (V −A)×(V +A)
operators, but it gives C5 (M∗) only and of smaller size than C4 (M∗) from heavy gluon due to
smaller values of gauge couplings and gauge quantum numbers in the heavy EW boson exchange
than in heavy gluon exchange. Moreover, the model-independent constraint from UTfit [35] on
C5 (renormalized at a few TeV scale) is weaker than for C4. So, we find that constraint on M∗
from heavy EW gauge boson exchange in the two-site model is weaker than that from heavy gluon
exchange: see also discussion in [15].
We have also checked that the constraint from (V − A) × (V − A) and (V + A) × (V + A)-
type operators from heavy gauge boson exchange in the two-site model can be weaker than from
(V −A)×(V +A) operator from heavy gluon exchange. In detail, such exchange generates the Wilson
coefficient C1 (M∗). Firstly, the model-independent bound on C1 (renormalized at a few TeV scale)
is weaker than for C4 due to the absence of matrix element and RGE enhancement for C1 relative
to C4. Secondly, in the two-site model, the size of C1 can be effectively controlled by a single
parameter, namely, the amount of elementary-composite mixing of bL – the point being that the
other down-type elementary-composite mixings are then fixed: the ones for dL, sL via CKM mixing
angles and then, for given composite Yukawa, the right-handed ones by SM Yukawa (as discussed
earlier).12 Usually, one chooses sq3 to satisfy the constraint from Zbb¯ (as discussed earlier) and
simultaneously to obtain the correct top Yukawa, i.e., Y∗sq3 ∼ O(1), assuming SM tR is fully
composite. For the choice of M∗ ∼ a few TeV and Y∗ ∼ a few, we then find sq3 ∼ 1/ (a few).
With this size of sq3 and once we choose M∗ to satisfy the ǫK-constraint from (V −A)× (V +A)
operators, we find that both (V −A)× (V −A) and (V +A)× (V +A)-type operators do not give
as strong a constraint as from heavy gluon contribution to the (V − A) × (V + A) operator: see
also [15] for a related discussion.
D.2 Other B-physics observables
It is easy to compute Bd, s mixing amplitudes in the two-site model. The main new physics con-
tribution comes from the flavor violating couplings of heavy gluon, just like for ∆S = 2 process
discussed earlier. We have checked that bounds on Bd, s mixing amplitude is satisfied once ǫK is
safe: see also [16, 17, 14, 15] for related discussions.
In detail, the (V −A)×(V +A) type operator generated in the two-site model is less constrained
12Contrast this case to that for C4, 5 above whose size was fixed in terms of SM fermion Yukawa couplings/masses
(due to a combination of left and right-handed elementary-composite mixings involved in C4).
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in the Bd, s systems than in the K system for the following reasons. Firstly, the model-independent
constraint on Cnew4, 5 (M∗) /C
SM
1 (MW ) is weaker in the Bd, s system than in the K system since there
is no matrix element enhancement for C4,5 in the Bd, s mixing operators (unlike for K mixing).
Secondly, in the two-site model, the size of Cnew4, 5 (M∗) /C
SM
1 (MW ) for Bd, s mixing turns out (due
to the particular values of down-type quark masses) to be smaller than in K mixing. For the
(V ±A)× (V ±A) type operator, the analysis is similar to that for K mixing.
Besides ∆F = 2 processes, there are also new physics contribution to ∆F = 1 processes in the
two-site model. For example, the non-universal shift (in gauge eigenstate basis) in the Z couplings
for bL (vs. dL, sL) will lead to flavor-violating couplings to Z once we transform to mass eigenstate
basis, resulting in the (flavor-violating) processes b → sf f¯ , where f = quark, lepton. We have
checked that the new physics contribution to b → sl+l− process is below the experimental bound
once we satisfy δgZb¯LbL/gZb¯LbL . 0.25% as required by the flavor-preserving Zbb¯ data: see also [24]
for a related discussion.
We also checked the new physics contribution to the time-dependent CP asymmetry in b→ sγ,
i.e., SCP which requires an interference between the C7 and C
′
7 amplitudes: SCP ∼ C ′7C7/(|C7|2 +
|C ′7|2). In the SM, SCP ∼ ms/mb due to the suppression of C ′7 by ms/mb relative to C7 [43]. In the
two-site model, new physics contribution will generically give C ′7 ∼ CSM7 so that we expect SCP to
be sizable in the two-site model. However, we found that there is no significant constraint coming
from SCP because of the large experimental uncertainty at present [44].
E Relation to 5D AdS Model
The two-site model can be considered to be a deconstruction of the 5D AdS model with the following
metric:
(ds)2 = e−2kydxµdxµ + (dy)
2 (0 ≤ y ≤ πR)
≡ 1
(kz)2
(
dxµdx
µ + dz2
)
(zh ≤ z ≤ zv) (75)
where z ≡ eky/k, and with the two endpoints zh ≡ 1/k and zv ≡ ekpiR/k being denoted by the
Planck and the TeV branes, respectively. The curvature scale k is taken to be of the order of the
4D Planck scale (MP l) and we choose kπR ∼ log (MP l/TeV) with the SM Higgs being localized
near the TeV brane in order to solve the Planck-weak hierarchy problem. The KK masses are
quantized in units of ∼ ke−kpiR ∼ TeV and are localized near the TeV brane. The composite site
of the two-site model corresponds (roughly) to the TeV brane and elementary site to the Planck
brane (but moved close to the TeV brane with renormalization of the interactions localized on it,
i.e., as per holographic RG flow [45]). The mass eigenstates of the two-site model before EWSB
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(which are admixtures of elementary and composite site particles) correspond to the zero and KK
modes in the 5D model13 (again with Higgs vev set to zero), i.e.,
SM states ↔ zero modes (76)
heavy states ↔ KK modes
Here, we show the correspondence between the couplings of the two-site and the 5D AdS model.
For more discussion on this issue, see reference [30].
E.1 Size of composite gauge coupling
Since g∗ is the composite site coupling, i.e., the coupling of composite sector (≈ heavy) gauge
bosons to the composite sector (≈ heavy) fermions, it should correspond (roughly) to the coupling
of single gauge KK mode to two KK fermions. We find that this coupling in the 5D model is
(roughly) given by g5
√
k, where g5 is the dimensionful 5D gauge coupling. This result is (almost)
independent of the range of profiles of KK fermions that is of interest for down-type quarks (see
section E.2). Hence, we identify:
g∗ ↔ g5
√
k (77)
E.1.1 Matching to QCD coupling
The value of the 5D coupling g5
√
k can be fixed by matching it to the 4D QCD coupling [46, 47]:
1
gQCD 2
≈ log (MP l/TeV)

 1(
gQCD 25 k
) + bQCD
8π2

+ 1
gQCD 2P lanck
+
1
gQCD 2TeV
(78)
where 1/gQCD 2P lanck, TeV are the bare/tree-level (positive) brane-kinetic terms and the b
QCD ≈ −7 is
the result of one-loop running effects. So using gQCD ∼ 1 (renormalized at the TeV scale) we get
• g5
√
k ∼ 3 for matching at the loop level, i.e., including the bQCD term with zero bare/tree-level
brane kinetic terms and with a Planck-weak hierarchy. Clearly, this is the smallest allowed
value of g∗ for this hierarchy.
• g5
√
k ∼ 6 for matching at the tree-level, i.e., neglecting the bQCD term, with no brane kinetic
terms14.
13These modes are non-vanishing on both the Planck and the TeV branes, corresponding to the admixtures in the
two-site model.
14Equivalently, choosing the tree-level brane kinetic term to cancel the loop contribution”: see discussion in [14].
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In general, the value of g5
√
k can be even larger than above if we allow non-zero (positive) brane
kinetic terms (on the Planck or TeV brane). In particular, with non-zero Planck brane localized
kinetic terms, the couplings of (lightest) gauge KK are still set by g5
√
k since these modes are
localized near TeV brane. Thus, the KK coupling (measured in units of SM gauge coupling) also
increases as these brane kinetic terms are increased. On the other hand, allowing (sizable) TeV
brane localized kinetic terms has a more interesting effect as follows. The value of g5
√
k (again
measured in units of the SM gauge coupling) increases as in the case of the Planck brane localized
kinetic terms, but the KK gauge coupling is clearly determined by the kinetic term localized on
the TeV brane where the KK modes are localized (instead of being set by g5
√
k). As the size of
the brane kinetic terms increases, it turns out that the gauge KK coupling (measured in units of
the SM gauge coupling as usual) becomes weaker [29]. At the same time, the mass of the lightest
KK mode becomes smaller in such a way that ratio
KK coupling constant
Lightest KK mass in units of ke−kpiR
(79)
stays roughly the same (for moderately large brane terms), up to O(1) factors. The flavor-violating
amplitude (in units of ke−kpiR) depends on precisely the above ratio. So it is clear that large TeV
brane terms can allow lighter KK states to satisfy the flavor constraints, but it will not allow a
reduction in the scale ke−kpiR which might be the one more relevant (than the lightest KK mass
scale) for the fine tuning in EWSB. Although a detailed analysis of TeV brane kinetic terms is
beyond the scope of this paper, it is important to keep in mind that such terms can affect the
bounds on the scale ke−kpiR by O(1) factors. Finally, for smaller than Planck-weak hierarchy, for
example as in the “Little Randall-Sundrum model” [48], it is clear that g5
√
k can be smaller as
seen from Eq. (78).
E.1.2 Perturbativity bound on size of 5D gauge coupling
On the other hand, an upper bound on gQCD5 coupling can also be obtained from the condition of
perturbativity of the 5D QCD theory in the following way. We can estimate the loop expansion
parameter for this theory by comparing the one-loop correction to the tree-level value of a coupling
(or comparing a two-loop correction to a one-loop effect). This loop expansion parameter grows
with energy (or number of active KK modes) due to the non-renormalizability of 5D couplings.
So, the number of KK modes below the 5D cut-off, denoted by NKK, can then be estimated by
setting this loop expansion parameter to be ∼ 1 (see, for example [49]). As an example, we can
estimate the one-loop correction to the tree-level value of the three KK gluon coupling arising from
this interaction itself. Including color and helicity factors of ∼ 3 each for this loop diagram (see,
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for example, reference [47]), we find:
(
gQCD5
√
k
)2
3× 3
16π2
NKK ∼ 1 (80)
where ∼
(
gQCD5
√
k
)
is coupling of 3 KK gluons and the single power of NKK (i.e., single KK sum)
follows from KK number conservation at the purely KK gluon vertices. Equivalently, the dimension
of gQCD5 being −1/2 implies that the 5D loop expansion parameter is ∼ (gQCD5 )2E/
(
16π2
)
with
E/k ∼ being the number of active KK modes.
We can also instead consider the one-loop self-corrections to the coupling of KK gluon to two
KK fermions, where the helicity factor of 3 is absent (in this sense, the estimate in Eq.(80) is
conservative). The estimate in Eq. (80) leads to the following values of the number of KK modes
below cutoff:
• NKK ∼ 2 for gQCD5
√
k ∼ 3 which is again the smallest gQCD5
√
k allowed for Planck-weak
hierarchy (i.e., with loop-level matching of the 5D coupling to the 4D coupling and with no
bare/tree-level brane kinetic terms).
• Whereas for gQCD5
√
k ∼ 6 (i.e., with tree-level matching of the 5D coupling to the 4D coupling
with no brane kinetic terms), there seems to be hardly any energy regime where the 5D theory
is weakly coupled, i.e., NKK < 2.
This conclusion about perturbativity for the gQCD5
√
k ∼ 6 case is valid even if we do not include
the helicity factor of ∼ 3 as would be the case for the estimate of loop expansion parameter using
the KK gluon coupling to two KK fermions (instead of coupling of three KK gluon coupling). So
with this perturbativity motivation (and using the correspondence in Eq. 77), we have focused on
using gs∗ ∼ 3 in our analysis of the two-site model, but of course, one should understand that these
conclusions are just estimates.
E.2 Formulae for zero-mode and KK Yukawa and KK gauge couplings
We give some useful formulae for profiles of zero-mode fermion, KK fermion, gauge KK mode and
bulk Higgs in 5D AdS model, neglecting (for simplicity) brane kinetic terms15 (see, for example,
reference [13] for fermion and gauge profiles and [26] for Higgs profile).
15Since the KK modes are localized near the TeV brane, localized kinetic terms there affect the KK decomposition
and generate additional flavor-violating couplings of gauge KK modes to fermion zero-modes (see, for example,
reference [19]). However, we assume that these brane terms are of size generated by loop-level bulk effects (which
is a technically natural choice) so that these effects can be neglected for our purposes, as long as the bulk loops are
perturbative.
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First, we decompose the 5D fermion field as
Ψ(x, z) =
∑
n
ψ(n)(x)χn(c, z) (81)
where c is the ratio between 5D fermion mass term and AdS curvature scale k. The normalization
condition for profiles is ∫ zv
zh
dz
(zh
z
)4
χ2n(c, z) = 1 (82)
The fermion zero mode profile is
χ0(c, z) = f(c)
(
z
zh
)2−c 1√
zh
(
zh
zv
)1/2−c
(83)
with
f(c) =
√
1− 2c
1− (zv/zh)2c−1
(84)
The KK fermion profile for the same chirality as the zero-mode is
χn(c, z) =
(
z
zh
)5/2 1
Nχn
√
πrc
[Jα(mnz) + bα(mn)Yα(mnz)] (85)
with α = |c+ 1/2|, mn and bα are given by
Jα∓1(mnzh)
Yα∓1(mnzh)
=
Jα∓1(mnzv)
Yα∓1(mnzv)
= −bα(mn) (86)
with upper (lower) signs for c > −1/2 (c < −1/2) and normalization condition gives
|Nχn |2 =
1
2πrczh
[
z2v [Jα(mnzv) + bα(mn)Yα(mnzv)]
2 − z2h[Jα(mnzh) + bα(mn)Yα(mnzh)]2
]
(87)
It is useful to note that the ratio of zero and KK fermion profile at TeV brane is
χ0(c, zv)
χn(c, zv)
≈ f(c)√
2
(88)
Similarly, we perform KK decomposition for gauge bosons:
Aµ(x, z) =
∑
n
A(n)(x)fn(z) (89)
The gauge KK wavefunction is:
fn(z) =
√
1
zh
z
Nfn
[J1(mnz) + bnY1(mnz)] (90)
where bn and gauge KK masses are fixed by:
J0(mnzh)
Y0(mnzh)
=
J0(mnzv)
Y0(mnzv)
= −bn (91)
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and the normalization condition ∫ zv
zh
dz
(zh
z
)
f2n(z) = 1 (92)
gives us
|Nfn |2 =
1
2
[
z2v [J1(mnzv) + bnY1(mnzv)]
2 − z2h[J1(mnzh) + bnY1(mnzh)]2
]
(93)
The KK decomposition for a 5D scalar (bulk Higgs) is (here β =
√
4 + µ2, with µ being the
bulk Higgs mass in units of k):
H(x, z) = v(β, z) +
∑
n
H(n)(x)φn(z) (94)
where v(β, z) is the Higgs vev profile, which is very close to the (lightest) physical Higgs profile
when mh ≪MKK . This profile can be chosen to be peaked near the TeV brane:
v(β, z) = v4zv
√
2(1 + β)
z3h(1− (zh/zv)2+2β)
(
z
zv
)2+β
. (95)
The couplings between fermion zero modes and Higgs (Y0), fermion KK modes and Higgs (YKK),
fermion zero modes and gauge KK modes (gKK) are given by overlap integrals of the their profiles
multiplied by the 5D couplings:
Y0 (cL, cR, β) = Y
bulk
5
∫
dz
(zh
z
)5
v(β, z)χ0L(cL, z)χ0R(cR, z)/v4
YKK (cL, cR, β) = Y
bulk
5
∫
dz
(zh
z
)5
v(β, z)χnL(cL, z)χmR(cR, z)/v4
gKK (cL) = g5
∫
dz
(zh
z
)4
fn(z)χ0L(cL, z)χ0L(cL, z) (96)
where Y bulk5 is defined by S ∋
∫
d4xdz
√
G Y bulk5 H(x, z)Ψ(x, z)Ψ
′(x, z) (with Ψ and Ψ′ being SU(2)L
doublet/singlet and G is the determinant of the metric) and has mass dimension −1/2 just like
g5. Again, YKK defined above is for KK modes with same chirality as the zero-mode. A similar
expression can be obtained for the overlap integrals giving the coupling between KK gluon and two
KK fermions which was used to obtain Eq. (77).
It is useful to know approximate formulae for these overlap integrals [13][14]. For example
gKK ≈
(
g5
√
k
)(
− 1
kπrc
+ f(cL)f(cR)
)
(97)
where pre-factor of “1” that multiplies f(cL)f(cR) is almost c-independent for 0.4
<∼ c <∼ 0.7 that
is of interest for down-type quarks.
Similarly, we define the parameter a(β, cL, cR) by
Y0 (cL, cR, β) = a(β, cL, cR)YKK (cL, cR, β) f(cL)f(cR) (98)
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We find (numerically) that, for fixed Higgs vev profile, the cL,R dependence of a is very mild for the
range 0.4
<∼ c <∼ 0.7 that is of interest for the down-type quarks and hence we set cL = cR = 0.55
henceforth when we quote values of a. We give a table for a vs. the parameter β of bulk Higgs
(see Table 1). We see that a ∼ O(1) as expected. In detail, the Higgs and KK fermion profiles are
β a MKK (g
QCD
5
√
k = 3, YKK = 6) MKK (g
QCD
5
√
k = 6, YKK = 6)
0 1.5 3.7 TeV 7.4 TeV
1(two-site) 1 5.5 TeV 11 TeV
2 0.75 7.3 TeV 14.6 TeV
∞ (brane) 0.5 11 TeV 22 TeV
Table 1: The values of the parameter a (relating zero to KK mode Yukawa couplings: see Eq. (98))
in 1st column for different values of the parameter β (2nd column) which determines the profile of
the bulk Higgs (Eq. (95)). The two-site model and brane Higgs case are also shown as corresponding
to specific values of β (see discussion in text). The bound on MKK (from ǫK only, based on the
estimate in Eq. (103)) for the purely composite sector (or KK) gauge coupling gQCD5
√
k = 3
(3rd column) and gQCD5
√
k = 6 (last column) are also shown. We fix the composite/KK Yukawa
coupling YKK = 6 for all entries in the table and cL = cR = 0.55 in order to obtain the value of a.
localized near the TeV brane so that YKK is dominated by overlap of profiles in this region. So, we
get YKK ∼ Y5
√
k (with a mild dependence on c and β), where the 5D Yukawa is made dimensionless
simply by a factor of ∼
√
k coming from the normalized profiles at the TeV brane: see Eqs. (85)
and (95). Even though the fermion zero-modes (except for top quark) are localized near the Planck
brane, their overlap with the Higgs is still dominated by the region near the TeV brane for the
choices of c’s relevant for quark masses16. Therefore, using the ratio of fermion zero and KK mode
profiles (f ’s) given in Eq. (88), we expect Y0 ∼ YKKf (cL) f (cR) ∼
(
Y5
√
k
)
f (cL) f (cR), i.e.,
a ∼ O(1). Note that f (c)’s can be hierarchical even with small variations in c’s, resulting in a
solution to the flavor hierarchy problem in the sense that 4D Yukawa matrix (Y0) can be hierarchical
without any (large) hierarchies in the 5D theory, i.e., with anarchic 5D Yukawa matrix (or YKK)
and O(1) c’s.
The following observation about the parameter a is crucial for the analysis of ǫK in next section.
Since the fermion zero modes profiles peak near the Planck brane while the fermion KK mode
profiles peak near the TeV brane, it is clear that the overlaps of profiles of fermion zero modes with
Higgs increase while those of fermion KK modes with Higgs decrease as the Higgs wavefunction
moves farther away from the TeV brane. Therefore, as seen from this table,
• as we decrease the parameter β determining the Higgs profile in Eq. (95) – thereby localizing
16For larger values of c’s (i.e., fermion zero-modes localized closer to the Planck brane) as relevant for Dirac neutrino
masses, the overlaps with Higgs can be dominated by the region near the Planck brane instead [50].
33
the Higgs away from the TeV brane, the parameter a in Eq. (98) increases.
We thus expect the opposite limit, β → ∞, to reproduce brane Higgs scenario. In fact, for
brane-localized Higgs, couplings of fermions to Higgs are simply given by wavefunctions of fermions
at TeV brane, i.e., there is no overlap integral to be performed:
Y brane0 =
(
Y brane5 k
)
fLfR
Y braneKK =
(
2Y brane5 k
)
(99)
with S ∋ ∫ d4x√GY brane5 H(x)ΨL(x, zv)Ψ′R(x, zv). Note that dimension of Y5 changes from −1/2
to −1 as we switch from bulk Higgs to brane-localized Higgs. The factor of two in Y braneKK in second
line of Eq. (99) comes from the fact that the normalized KK wavefunction at TeV brane is ≈
√
2k
(see Eq. (85)). From Eqs. (98) and (99), the model with brane-localized Higgs (effectively) has
a = 1/2. And, the numerical calculation of the overlap integrals for bulk Higgs shows that indeed
a→ 1/2 for β →∞ (see Table 1), in agreement with the above expectation.
Now we can see the similarity between the two-site model and the bulk Higgs scenario. First,
we compare the gauge couplings between the two cases: Eq. (97) and LSM−SM term of Eq. (16),
using Eq. (77). From these equations, we can make the following identifications:
sL,R ↔ fL,R (100)
1
kπrc
↔ tan2 θ
As mentioned above, fLi,Ri can be hierarchical with small variations in 5D fermion mass parameters
(c). Therefore, our choice of hierarchical elementary/composite mixing angles (sq,u,d) in the two-site
model is justified.
We turn to Yukawa couplings and compare Eq. (98) with LSM-SMY term of Eq. (15). First, just
like for the gauge couplings, we should identify the Higgs coupling to heavy fermions in the two-site
model with the Higgs coupling to KK fermions in the 5D model17, i.e.,
Y∗ ↔ YKK (101)
(In particular, both are assumed to be anarchic.) Then we can see that the two-site and 5D Yukawa
coupling equations match if a = 1. Therefore, we conclude that
• the two-site model “mimics” the bulk Higgs scenario with β ≈ 1 (which has a ≈ 1). This
result is also shown in Table 1.
17Note that, for a fixed β, YKK is only mildly sensitive to cL, R’s.
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E.3 Bound from ǫK
Following the arguments of the analysis of ǫK for the two-site model, it is clear that, in the bulk
Higgs scenario, we get from KK gluon exchange
C5D
4 estimate (MKK) =
(
g5
√
k
)2
Y 2KKa )(β)
2
2msmd
v2
1
M2KK
, (102)
where “estimate” has the same meaning as in our analysis of the two-site model. Thus the constraint
from ǫK is
MKK
>∼ 11 g5
√
k
YKKa(β)
TeV (103)
The bounds on MKK for different values of β (i.e., choices of Higgs profiles), including the brane
Higgs case and the two-site model is shown in Table 1 for gQCD5 = 3, 6 and YKK = 6.
Now we can compare our results to previous analysis: references [14, 15] used a brane-localized
Higgs, i.e., a ∼ 1/2, with Y brane5 k ∼ 3, i.e., YKK ∼ 6 (from Eq. 99). They obtained the bound on
KK scale of ∼ 20(10) TeV for the case of gQCD5
√
k ∼ 6(3) which agrees with our results in Table 1.
However, from Table 1, we see that
• for same g5
√
k and KK Yukawa (YKK), the bound on MKK from ǫK is lowered for a bulk
Higgs (instead of brane-localized Higgs).
Of course, this reduction in the KK scale for a bulk Higgs relative to the case of brane localized
Higgs is due to a smaller coupling of SM fermions to the KK gluon for the bulk Higgs case, i.e.,
the zero-mode fermions being localized a bit farther from the TeV brane (where gauge KK modes
are localized), than for the brane-localized Higgs case. The crucial point is that, even with this
shift of zero-mode fermion profiles relative to the brane-localized Higgs case, the bulk Higgs set-up
can maintain the same (i.e., SM) value of the zero-mode Yukawa (for the same KK Yukawa) as in
brane-localized Higgs case. Here, we use the result (explained above) that the ratio of zero-mode to
KK Yukawa couplings (denoted by a above) is larger for the bulk Higgs case than for brane-localized
Higgs (for fixed fermion profiles).
We remind the reader that we are not considering models where Higgs is the 5th component
of 5D gauge field here. In the Higgs-as-A5 model, the SM Higgs also has a profile which is peaked
near the TeV brane in a specific gauge [27]. However, for this model, it was shown in reference
[14] that the lower limit on the KK mass scale is ∼ 10 TeV for the choices gQCD5
√
k ∼ 3 and
gEW5
√
k (which is the “effective” 5D Yukawa) ∼ 6. For larger gQCD5
√
k and/or smaller gEW5
√
k,
the bound on KK scale is higher.
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E.4 Perturbativity limit on size of KK Yukawa
Finally, we wish to illustrate why ǫK by itself might allow a few, say, ∼ 3 TeV KK scale, even with
anarchy in 5D flavor parameters, i.e., mixing angles of size as in Eq. (20). The point is that the
bound on KK scale from ǫK depends on size of KK Yukawa as seen in Eq. (103). Instead of using
b→ sγ in order to constrain YKK (as we did for the two-site model), we can use perturbativity of
the 5D theory.
Proceeding in the same way as for the gluon coupling, we can estimate NKK from the loop
expansion parameter associated with the Yukawa coupling being ∼ 1. For example, we can compare
the one-loop correction to the tree-level value of the coupling of Higgs to two KK fermions from
this coupling itself (there are no color or helicity factors here). For brane-localized Higgs, we get
Y brane 2KK
16π2
N2KK ∼ 1 (104)
where N2KK (i.e., double KK sum) in this loop diagram follows from absence of KK number con-
servation at the Higgs vertices in the brane-localized Higgs case. One can also derive such growth
of the loop expansion parameter with NKK from dimensional analysis, namely, [Y
brane
5 ] = −1 such
that the 5D loop expansion parameter is ∼ Y brane 25 E2/
(
16π2
)
. So, for the brane-localized Higgs
case, we get Y braneKK ∼ 4π/NKK and the choice of YKK ∼ 6 (i.e., Y brane5 k ∼ 3) in references [14, 15]
for brane Higgs corresponds to NKK ∼ 2.
On the other hand, the loop expansion parameter for the bulk Higgs case is
Y bulk 2KK
16π2
NKK ∼ 1 (105)
where the single power of NKK follows from the single KK sum due to KK number conservation
at Higgs vertices for the bulk Higgs case. Equivalently, we can use dimensional analysis, i.e.,
[Y bulk5 ] = −1/2 so that the 5D loop expansion parameter ∼ Y bulk 25 E/
(
16π2
)
just like for 5D gauge
theory. Hence, we have for bulk Higgs case, Y bulkKK ∼ 4π/
√
NKK, i.e.,
• for same NKK , we find that YKK can be larger for bulk Higgs by ∼
√
NKK than for the
brane-localized Higgs case. Thus the KK mass bound can be lowered even further (beyond
the point related to the factor a discussed above) as seen from Eq (103): see also discussion
in [16].
And, in particular,
• we get Y bulkKK ∼ 6
√
2 for NKK ∼ 2 (same as the choice made in references [14, 15]) so that
choosing in addition the Higgs profile with β ∼ 0 (so that a ∼ 1.5) and g∗ ∼ 3, we see from
Eq. (103) that MKK ∼ 2.6 TeV might be allowed by ǫK constraint.
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However, such a low KK scale and large YKK in the 5D model will most likely be very strongly
constrained by BR (b→ sγ) just as in the case of the two-site model. Note that the bulk Higgs
couplings other than Y0, KK – for example the mixed (i.e., zero-KK fermion) ones – might not
exactly mimic the corresponding ones in the two-site model so that our results for b → sγ in the
two-site model cannot be directly used for the 5D model18. A detailed calculation of b → sγ for
the 5D model is beyond the scope of this work.
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Figure 1: Feynman diagram for ∆S = 2 process via heavy gluon exchange
γ
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Figure 2: Feynman diagrams for b → s γ via heavy gluon and heavy fermions
Figure 3: Feynman diagrams for b → s γ via charged Higgs
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Figure 4: Feynman diagrams for b → s γ via Higgs using mass insertion
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Figure 5: Scatter plot for shift in BR(b → sγ) and Im (C4K) for M∗ = 5 TeV, the composite site
gauge coupling gs∗ = 3 and different values of Y
u,d
∗ (defined here as the geometric mean of the
composite site Yukawa couplings |Y u,d∗ ij |). The allowed region is below and to the left of the (red)
solid lines. For gs∗ = 6, the allowed region is below the dashed line and to the left of the solid (red)
line. (see discussion in section 6).
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Figure 6: Scatter plot for δgZb¯LbL and Im (C4K) for M∗ = 5 TeV, the composite site gauge coupling
gs∗ = 3 and for different values of Y
u,d
∗ (defined here as the geometric mean of the composite site
Yukawa couplings |Y u,d∗ ij |). The allowed region is below and to the left of the (red) solid lines. For
gs∗ = 6, the allowed region is below the dashed line and to the left of the solid (red) line. (see
discussion in section 6).
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Figure 7: Same as Fig. 5, but with M∗ = 10 TeV.
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Figure 8: Same as Fig. 6, but with M∗ = 10 TeV.
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Figure 9: Same as Fig. 5, but with M∗ = 3 TeV.
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Figure 10: Same as Fig. 6, but with M∗ = 3 TeV.
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